A brush type chiral stationary phase (CSP 2) derived from α-amino β-lactam was prepared for the separation of the enantiomers of β-blockers. Compared to the CSP derived from α-amino phosphonate (CSP 1), in general, the conformationally rigid CSP 2 showed greater scope and much enhanced enantioselectivity for the resolution of β-blockers. The effect of various salt additives on enantioseparation of β-blockers in the mobile phase was investigated. The unusual effect of temperature on the chromatographic behaviors was observed on CSP 2. It also afforded appreciable increases in enantioselectivity without significantly affecting resolution, as the column temperature was reduced.
Introduction
The β-blockers, widely used in the treatment of cardiac arrhythmias and hypertension as the adrenergic agonist, possess the arylpropanolamine structure containing a chiral center. 1 The (S)-enantiomers of β-blockers are 50 -500 fold more biologically active than the (R)-enantiomers and may differ also in the nature of the physiological responses. 2 Owing to their importance, methods for separating β-blocker enantiomers and for determining their enantiomeric purity have been of considerable current interest. 3 Therefore, several liquid chromatographic chiral stationary phases (CSPs) derived from small molecules, 4, 5 polysaccharides, 6 macrocyclic antibiotics 7 and chiral 18-crown-6 ethers 8, 9 have been developed and applied to separate the enantiomers of β-blockers. 1, 3 In terms of chiral recognition mechanism rationale, however, most of those have been developed empirically with no particular design being given to targeting β-blockers. Among several brush type CSPs, CSP 1 derived from an α-amino phosphate (Figure 1 ), is an exception, being developed with the aid of a mechanistic hypothesis specifically for β-blockers. 4 ,5 CSP 1 does indeed suffice to separate the enantiomers of a variety of β-blockers with performance adequate for both analytical and preparative applications. 4, 5 Even so, it was suspected that a conformationally more rigid CSP using the same mechanistic principles might be even more selective. Most β-blockers of arylpropanolamine structure are conformationally † This paper is dedicated to Professor Sunggak Kim on the occasion of his honorable retirement.
somewhat "floppy" and it was reasoned that "floppiness" in the chiral selector ought to be avoided if the diastereomeric adsorbates are to differ significantly in their stabilities. In this study, we report a new conformationally rigid CSP derived from α-amino β-lactam (CSP 2) for the separation of the enantiomers of β-blockers and compare the chromatographic efficiencies of CSP 2 with those of the conformationally less rigid CSP 1 derived from an α-amino phosphate.
Experimental
Apparatus. Chromatographic analysis was performed using an Anspec isocratic HPLC pump or a Rainin HPX solvent delivery system and pressure monitor, a Rheodyne 7125 injector with a 20 µL sample loop, a variable-wavelength UV detector, Linear UVIS 200 and an HP 3394A recording integrator. All 1 H NMR spectra were recorded on a Varian XL-200 relative to internal tetramethylsilane. Low resolution mass spectra were obtained on a Varian MAT CH-5 mass spectrometer with 70 eV electron impact ionization or a ZAB-SE mass spectrometer with fast atom bombardment. High resolution mass spectra were obtained on a Varian 731 or a 70 SE-4F mass spectrometer. Elemental analyses were performed by the University of Illinois microanalytical service.
Preparation of CSP 2. CSP 2 derived from α-amino-β-lactam was prepared according to conventional methods in Figure 2 . The retention factor for the first eluted enantiomer using 5% ethanol in dichloromethane (v/v) containing 0.5 g/L of NH4OAc as the mobile phase at a flow rate of 2 mL/min. The UV detector was operated at 254 nm. Chromatographic separation factor. b The retention factor for the first eluted enantiomer using 5% ethanol in dichloromethane (v/v) containing 0.5 g/L of NH4OAc as the mobile phase at a flow rate of 2 mL/min. The UV detector was operated at 254 nm. ( 
+)-(3S,4R)-(N-3,5-Dinitrobenzoyl)-3-amino-4-phenyl-1-prop-2-enyl-2-azetidinone (4): [α]D = +33.57 (c 3.61 in CH2Cl2) (+)-(3S,4R)-(N-3,5-Dinitrobenzoyl)-3-amino-4-phenyl-1-(3-triethoxysilylpropyl)-2-azetidinone (5):

Results and Discussion
One way to achieve conformational rigidity is to employ a small ring as the scaffolding which holds the interaction sites essential for chiral recognition. The N-3,5-dinitrobenzoyl derivative of an α-amino-β-lactam was chosen as it contains a π-acidic group, a hydrogen bond donor and a hydrogen bond acceptor to interact with the complimentary π-basic, hydrogen bond acceptor and hydrogen bond donor sites present in β-blockers. Prior work with β-lactam synthesis 10 suggested a relatively straight-forward approach to the synthesis of the racemic selector which was resolved using a preparative π-basic CSP developed by Pirkle group. 11, 12 The enantiomers of racemic 4 exhibited separation factor of 8.94 on an analytical column derived from (S)-N-(1-naphthyl)leucine using 20% 2-propanol in hexane. The synthetic strategy is well precedented and proceed- ed uneventfully (Figure 2 ). Once resolved, the enantiomer of the selector assigned the (3S,4R) configuration was hydrosilylated with trichlorosilane and immobilized on 5 µm spherical silica. 11,12 A 4.6 × 250 mm column was packed by conventional means (methanol slurry) and endcapped with hexamethyldisilazane. 13 The column containing CSP 2 was evaluated initially using 5% ethanol in dichloromethane (v/v) containing 0.5 g/L of ammonium acetate as the mobile phase. Data relevant to the separation of the enantiomers of a variety of β-blockers is given in Tables 1 and 2 , several temperatures being used. As noted with the earlier phosphonate CSP 1, reduction of column temperature enhances enantioselectivity and unexpectedly reduces retention and improves band shapes. 4 A number of equilibria can be envisioned in this system, each being affected by temperature. The chiral recognition hypothesis used to rationalize the enantioselectivity observed in these systems does not take most of these equilibria into account. The ammonium acetate is considered a proton transfer agent but no other role was a priori ascribed to this salt. Other amine salts were used and these can substantially affected enantioselectivity, no rationalization for this being offered (Figure 3 ). Typical chromatograms using 5% ethanol in dichloromethane (v/v) containing 7.17 mM formic acid and diisopropylethylamine as the mobile phase are presented in Figure 4 .
One will note that the aromatic substituent of the β-blockers influences retention and enantioselectivity in the manner expected provided that this group is a site for face to face π-π  interaction. CSP 2 typically affords greater enantioselectivity than does CSP 1 for those β-blockers having a methyleneoxy unit between the stereogenic center and the aromatic substituent in Table 1 . 4 However, for those analytes lacking this OCH2 unit (pronethalol and bufuralol), the enantioselectivities are comparable or perhaps slightly poorer than those afforded by CSP 1. Presumably, the analytes lacking the methyleneoxy unit are conformationally more rigid and less able to conform to the requirements of the more rigid CSP 2.
A homologous series of linear N-alkyl substituted bufuralollike racemates was chromatographed on CSP 2 at three temperatures ( Figure 5 ). Enantioselectivity is reduced as the N-alkyl group becomes longer, the effect being greatest at the lower temperature. Such trends normally indicate differential extents of intercalation of the linear substituent between adjacent strands of bonded phase by the analyte enantiomers.
14 When enantioselectivity lessens as the N-alkyl substituent becomes longer, it is the more retained enantiomer which has the greater intercalation difficulty. It might well be that "reorientation" of the selector with respect to the tethers would cause enantioselectivity to increase, rather than decrease, as the N-alkyl substituent is lengthened. 15 In summary, the brush type CSP 2 derived from α-amino β-lactam was prepared and evaluated for resolution of the enantiomers of several β-blockers with the use of various salt additives. The observed results showed that CSP 2 could be specially recommended for separation of β-blocker enantiomers. The conformationally rigid CSP 2 containing β-lactam afforded improv-ed resolution of β-blockers enantiomers relative to the conformationally less rigid phosphonate derived CSP 1 and in terms of chiral recognition rationale further optimization of this type of CSP should be possible.
